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ABSTRACT  
 Sediment accumulation can occur in response to a change in either tectonic or climatic 
driving forces. Here, we explore these controls on the deposition of the Lima Conglomerate, Peru. We 
use a combination of quantitative methods to explore the age of sediment accumulation, the 
provenance of the material and the paleo-erosion rates recorded by these deposits. Isochron burial 
dating with cosmogenic 10Be and 26Al yield an age of c. 500 ka for the base (490 ± 70 ka) and the 
uppermost sample situated c. 30 m higher upsection (490 ± 80 ka). Results of paleo-erosion rate 
estimates with concentrations of in-situ 10Be show a c. 60% increase from 105 r 10 mm ka-1 for the 
base to 169 r 14 mm ka-1 for the uppermost sample. Finally, provenance tracing with in-situ U/Pb 
ages on detrital zircon implies that the material has been derived from the entire drainage basin. The 
combination of results suggests that sediment accumulation occurred in response to an erosional 
pulse, which affected the entire basin within a short time interval. Because 10Be data represents a large 
spatial record of erosion, we exclude the possibility where a breakout of a lake or a focused release of 
material in response to earthquakes, were responsible for the large material flux. Instead, the erosional 
pulse was likely to have occurred at the scale of the entire basin, supporting the idea of a larger-scale, 
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most likely climate driven control. In this context, the accumulation age of c. 500 ka falls into an 
orbital cycle fostering the emerging picture in the literature that sediment routing in the Andes have 
most likely been driven by climate and cyclic changes. We suggest that the Andean mountain range 
offers an ideal laboratory to explore the erosional history in relation to climate patterns, at least in 
Peru.   
 
Keywords: Lima Conglomerate; cosmogenic nuclides; isochron burial dating, paleo erosion rates, U-
Pb in-situ zircon dating, sediment provenance 
 
INTRODUCTION  
 Terrace deposits with material sources in mountain belts represent important archives of past 
environmental and tectonic changes. These sediments can record modifications in paleo-water 
discharge, which is a proxy for precipitation rates and climate (Sylvia and Galloway, 2006; D’Arcy et 
al., 2017; Litty et al., 2017). They can also record the response to earthquake induced landslides 
(Dadson et al., 2003; McPhillips et al., 2014), and changes in tectonic uplift rates. The reconstruction 
of the timing and the rate of alluvial sediment deposition, paired with information about the 
provenance of the material bear important information when the scope lies in the detection of specific 
climate or seismic events as driving forces on erosion and sediment fluxes. This has particularly been 
the case for the Central Andes (Strecker et al., 2007), where previous studies have identified a strong 
environmental control on erosion (Reber et al., 2017), sediment transfer, landscape form 
(Montgomery et al., 2001; Trauerstein et al., 2013) and the construction of terrace sequences 
particularly in the Andes (Steffen et al., 2009; Bekaddour et al., 2014; Savi et al., 2016; Tofelde et al., 
2017). In this context, it has been proposed that variations in precipitation rates and patterns have led 
to remarkable lake-level variations on the Altiplano (Fritz et al., 2004). These climate changes, with 
orbital frequencies of c. 100 ka, 40 ka and 20 ka, were also considered to have controlled pulses of 
erosion and sediment discharge by modulating the fluvial runoff on the western Andean margin (e.g., 
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Steffen et al., 2009; Bekaddour et al., 2014; Veit et al., 2016; Litty et al., 2017), which in turn, has 
been interpreted as being the main factor controlling the formation of cut-and-fill terrace systems in 
this region (Norton et al., 2016). Accordingly, the Andean mountain range could be perceived as an 
ideal laboratory for exploring a climate forcing not only on surface mass fluxes, but also on the 
tectonic history of this mountain belt through a positive feedback to climate change (Norton and 
Schlunegger, 2011). However, the interpretation of climate, and more specifically of an orbital control 
on surface mass flux and the construction of terrace sequences is based on three archives only that are 
sparkled along the Peruvian coast over a distance of c. 1000 km: Pativilca at 10°42’S (Trauerstein et 
al., 2014; Litty et al., 2018); the Pisco valley at 13°42’S (Steffen et al., 2009) and the Majes valley at 
16°13’S latitudes (Steffen et al., 2010).  We complement this dataset through the analysis of the fan 
deposits, situated Lima at 12°03’S.  
In this paper, we explore the hypothesis whether the construction of terrace deposits along the 
Peruvian coastal margin records a possible orbital control on the erosional history of the adjacent 
Andean mountain belt. We complement an already existing database and focus on the terrace deposits 
at Lima, where we explore the geological history of these deposits and underlying controls with 
dating and provenance tracing techniques, and through the estimation of paleo-denudation rates. As a 
first effort, we date the deposits using isochron burial dating technologies thereby using in-situ 
cosmogenic 10Be and 26Al. We use these age constraints to explore possible correlations with any 
known period of enhanced precipitation, interglacial stades or tectonic activity in an effort to 
distinguish between the different possible controlling mechanisms leading to sediment accumulation. 
Second, the paleo-basin wide denudation rates, recorded at different levels of the sedimentary 
sequence, will be determined using concentrations of in-situ cosmogenic 10Be preserved in these 
sediments. This will allow us to determine if the sediment accumulation period also records a pulse of 
erosion. Finally, we will determine the provenance of the fine-grained sediments embedded in the 
conglomerate through detrital zircon U/Pb in-situ dating techniques, which will constrain the location 
where the erosion of the Lima Conglomerate material occurred. These new information will support 
the emerging picture of an orbital control on erosion, sediment transport and the construction of 
terraces in the Andes.  
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REGIONAL SETTING  
Chronology and sedimentology of the Lima Conglomerate 
 The Lima Conglomerate (Figure 1 and 2; Karakouzian et al., 1996) is an alluvial fan made up 
of coarse-grained massive-bedded conglomerates with minor interbedded sandstones and mudstones. 
The best exposures can been found along the Pacific coast near Miraflores, a southern district of the 
city of Lima. There, this unit is made up of an up to 80 m-thick stack of poorly sorted, clast-supported 
conglomerates with a coarse-grained sandy matrix. The fan stretches along the Pacific coast over a 
distance of 15 km, and it has a convex-up, fan-shaped asymmetric geometry (Figure 1). This suggests 
that the Lima Conglomerate forms one single fan. The sediments were deposited by the Chillon and 
Rimac Rivers that have their origins in the Andes c. 120 km farther upstream at an elevation of  c. 
4800 m a.s.l. (Figure 1).  
 Karakouzian et al. (1996) suggested a Pleistocene age for these deposits, without providing 
constraints on their age assignment. Le Roux et al. (2000) proposed a middle Pleistocene age on the 
grounds of geomorphologic, stratigraphic and soil-stratigraphic evidence. The only fossiliferous 
evidence to infer an age, at least to our knowledge, is from the top of this formation, where a molar 
tooth of Equus curvidens Owen, which is of Pleistocene age, was recovered (Lisson, 1907). However, 
in spite of good outcrops along the coast no results of any dating campaigns have ever been published. 
This paper thus reports the first numerical age of the Lima Conglomerate deposits and aims at 
unravelling the controls on the deposition of the fan delta. 
 The clasts embedded within the conglomerates are subrounded and sometimes imbricated, but 
the sedimentary fabrics are predominantly massive. The contact between the conglomerate suite and 
the underlying basement is situated below sea level and cannot be constrained. The sedimentological 
architecture of the exposed succession is characterized by an amalgamation of several meter-thick 
units. Each of them has an erosive basal contact indicating deposition after rapid channel flow, as 
noted by Le Roux et al. (2000). The same authors found that cross-beds with meter-high shallow-
dipping foresets, or alternatively troughs with several meters-wide diameters, alternate with massive-
bedded structures that appear as the dominant facies. Sandstones within the conglomerate are mostly 
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lenticular, overlying erosional surfaces. Most of the sandstones are trough cross-laminated, although 
antidune cross-lamination and low-angle tabular cross-lamination were also observed (Le Roux et al., 
2000). Sandstone beds or lenses commonly fine upward into siltstone and mudstone, suggesting 
waning currents after high-discharge episodes (Le Roux et al., 2000). These facies-associations 
suggest the supply, transport and deposition of coarse-grained bedload by braided streams (Miall, 
1985) that formed an alluvial fan where the frontal part has now been eroded subsequent to 
deposition. In these environments where braiding occurs, cross-bedded conglomerates on top of an 
erosive base point to the occurrence of gravelly bedforms in shallow channels, while massive-bedded 
conglomerates with sandstone lenses were most likely formed on top of longitudinal bars, where sand 
becomes deposited during waning floods in a high energy environment of rapidly shifting braided 
channels (Miall, 1985; Le Roux et al., 2000). There is a complete absence of any signs of marine 
influence (e.g. beach imbrication, and marine fossils) in the exposed part of the succession, which 
suggests that the conglomerates have not been reworked by waves (Le Roux et al., 2000). Mapping in 
the field discloses a lens-shaped cross-sectional geometry for the top surface of the Lima 
Conglomerate, which stretches over a distance of > 15 km parallel to the Pacific coast (Figure 1). The 
surface of the Lima unit thus displays all characteristics of an alluvial fan: it is situated next to an 
ocean, the surface is convex-up in a section perpendicular to the flow and the surface is highest along 
the fan axis (Figure 1). 
 
Bedrock geology of the source area 
 The clasts encountered in the Lima Conglomerate reflect the composition of the Andean 
Cordillera and mainly comprise diorites, granodiorites, granites and gabbros derived from the Late 
Cretaceous Coastal Batholith. Mesozoic and Cenozoic volcanic as well as pyroclastic constituents 
also occur in the clast suite of the conglomerate (LeRoux et al., 2000; Figure 1). In the area 
surrounding the Lima drainage basin, the chronology of the intrusion of the batholith was established 
in detail by Wilson (1975), who identified three intrusive episodes separated by periods of relative 
magmatic quiescence. These include: The emplacement of the gabbroic, meladioritic, and tonalitic 
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plutons c. 105-85 Ma ago; the intrusion of the granodioritic plutons c. 75-56 Ma ago; and the 
formation of the granites and monzogranites c. 39-35 Ma ago.  
Climate 
 The precipitation pattern of the western Peruvian Andes is strongly influenced by the Andean 
mountain range, which acts as a major topographic barrier to the atmospheric circulation. The 
precipitation pattern is also related to the position of the Intertropical Convergence Zone (ITCZ) 
associated with orographic effects on the eastern side of the Andes (Bookhagen and Strecker, 2008). 
The climate is characterized by wet phases and strong precipitation rates during austral summer, 
particularly on the Altiplano, and by dry persistent westerly winds with almost no precipitation during 
austral winter. During this period, the western side of the Peruvian Andes experiences zero 
precipitation. As a result, precipitation rates in the Rio Rimac and Chillon basins decrease from East 
to West, with an annual precipitation rate up to 400 mm on the Altiplano down to c. 0 mm per year in 
the coastal area. 
 On orbital time scales, the position of the ITCZ has shifted in response to larger heat contrasts 
between the Northern and Southern Hemispheres, which has been related to the effects of shifts in the 
Earth’s orbital parameters (Strecker et al., 2007). The results are stronger upper air easterlies and 
more precipitation on the Altiplano during time intervals of larger insolation on the Altiplano 
(Garreaud et al., 2003; Strecker et al., 2007). Variations in precipitation rates and patterns led to 
remarkable lake-level variations on the Altiplano as recorded by lake levels highstands on the plateau 
(Fritz et al., 2004). These shifts in precipitation rates were also considered to have resulted in changes 
in the loci of erosion as provenance tracing techniques have shown (Litty et al., 2017), and in changes 
in erosion rates as suggested by concentrations of in-situ 10Be measured in terrace material along the 
Pisco valley (Bekaddour et al., 2014). 
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SAMPLING SITES 
 Three levels, on a vertical transect, on the coastal cliff of the Lima Conglomerate in the 
district of Miraflores, have been sampled for 10Be/26Al isochron burial dating, paleo-erosion rates and 
provenance tracing purposes (Figure 2; Table 1). This transect has been selected because of its 
accessibility thanks to the presence of stairs from the bottom of the cliff to the top in Miraflores 
(Figure 2B). In particular, we collected samples from three levels including site LIM-IS3, which is the 
lowermost level of the deposits (Figure 2C and 2D), site LIM-IS2 representing an intermediate level 
(24 m above site LIM-IS3; Figure 2E and 2F) and site LIM-IS1 corresponding to the topmost level of 
the sequence (33 m above site LIM-IS3; Figure 2G and 2H). At LIM-IS3, three quartz bearing 
pebbles have been collected, while six quartz bearing clasts were taken at site LIM-IS2 and four 
quartz rich pebbles have been used for the measurement of the isochron at LIM-IS1. In addition, three 
sand samples, one at each level (sand samples LIM-PE3, LIM-PE2 and LIM-PE1 form base to top), 
have been collected from the matrix of the conglomerates for the calculations of the paleo-basin wide 
denudation rates. Finally, the same sand samples have been used to infer the provenance of the fine-
grained sediments.  
 
METHODS 
Isochron burial dating 
 Over the past 25 years, cosmogenic nuclides have become an essential tool in Quaternary 
geochronology (Granger, 2006; Gosse and Phillips, 2001; Schaller et al., 2016). The cosmogenic 26Al-
10Be isochron burial dating method (Balco and Rovey, 2008; Erlanger et al., 2012; Akçar et al., 2017) 
has been employed to determine burial ages and to establish the timing of deposition of the alluvial 
material. This dating technique is based on the difference in half-lives of 10Be (1.387 Ma; Korschinek 
et al., 2010 and Chmeleff et al., 2010) and 26Al (0.705 Ma; Norris et al., 1983). We collected samples 
from the same stratigraphic level, thereby assuming that they were deposited at nearly the same time. 
No tectonic offsets are found in the field, which suggests that the deposits have not been deformed or 
faulted since the time of their deposition. Accordingly, a horizontal line represents a same 
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stratigraphic level. This method works if the collected material has different inherited nuclide 
concentrations but the same post-burial production history (Balco and Rovey, 2008, Darling et al., 
2012, Erlanger et al., 2012, Balco et al., 2013 and Çiner et al., 2015; Bender et al., 2016; Akçar et al., 
2017). When the measured 26Al concentrations are plotted against 10Be concentrations, they should 
fall on a line, referred to as the isochron (Balco et al., 2008 and Erlanger et al., 2012). The slope of the 
regression line is used to determine the 26Al/10Be ratio at the time of burial and thus the depositional 
age (for further details see Balco and Rovey, 2008, Darling et al., 2012, Erlanger et al., 2012, Balco et 
al., 2013 and Çiner et al., 2015). 
 The 26Al-10Be isochron burial method provides several key advantages for dating 
conglomerate deposits in general and the Lima Conglomerate in particular. First, the isochron burial 
method works well for sediments that are between ~0.1 and ~5.0 Ma old (Granger, 2006). Given that 
former studies have suggested a Pleistocene age for this unit (Lisson, 1907; Karakouzian et al., 1996), 
we expected the age of the accumulation of the Lima Conglomerate material to fall within this range.  
 The collected samples were processed in the Surface Exposure Laboratory of the Institute of 
Geological Sciences at the University of Bern following the lab protocol described in Akçar et al. 
(2012). Cosmogenic 10Be and 26Al were extracted according to Akçar et al. (2012) for accelerator 
mass spectrometer measurement (AMS) at the ETH Zurich (Christl et al., 2013; Kubik & Christl, 
2010). Inductively coupled plasma optical emission spectrometry (ICP-OES) at the Department of 
Chemistry and Biochemistry of the University of Bern was used to determine the total Al and native 
9Be concentrations of the samples. The 10Be/9Be and 26Al/27Al AMS measurements were then 
performed at the tandem facility at the ETH Zurich (Christl et al., 2013). A long-term weighted 
average 10Be/9Be ratio of (2.51 ± 0.53) × 10-15 was used for full process blank correction. To calculate 
the isochron burial age, a 26Al/10Be surface production ratio of 6.75 has been used. A production rate 
of cosmogenic 10Be at the surface at sea level-high latitude (SLHL) of 4.00 ± 0.32 atoms g-1SiO2-1a-1 
has been applied (Borchers et al., 2016). The altitude and latitude scaling of the surface production 
rate was calculated according to Lal (1991) and Stone (2000). The isochron-burial age was then 
calculated according to the steps described in detail in Erlanger et al. (2012) using the MATLAB® 
software package and the script provided by Darryl Granger (personal communication, 2016). 
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Paleo erosion rates  
 Paleo-basin wide erosion rates Hcan be calculated using the cosmogenic nuclide 
concentrations of past sediment samples N0 following Granger et al. (1996), where: 
         (1).                                                                                                                
Here, P0 is the nuclide production rate of a particular nuclide at the surface (atoms g-1.a-1), t is the time 
since deposition (year), ρ is the bulk density of the sedimentary material (g.cm-3), λ is the radioactive 
decay constant of a nuclide (a-1) and Λ is the attenuation length (g cm-2). 
 The equation (eq. 1) is used to calculate a basin wide paleo-erosion rate based on cosmogenic 
nuclide concentrations of the sand embedded in the Lima Conglomerate deposits after corrections 
have been made for: post depositional nuclide production at sample depth z and atom loss due to 
radioactive decay during time t (both considered in eq. 1). These equations can be used assuming: (i) 
The material was well mixed in the upstream basin and finally embedded in the terrace fill. This 
appears to be the case in the western Peruvian valleys where the fluvial processes have dominated the 
transport of sediment (Litty et al., 2017), thus providing well-mixed material. (ii) The paleo-erosion is 
representative for the entire catchment. Indeed, the sediments of the Pleistocene terrace fills in 
western Peru record an origin from both the upper flat part of the catchments and the lower steep 
reaches (Litty et al., 2017). (iii) The residence of the material on the hillslopes and the channels is 
much shorter than the erosional timescale. This is the case in the western Peruvian valleys where 
regolith was considered to have been rapidly stripped from hillslopes, which most likely resulted in 
the supply of large volumes of sediment to the trunk streams during the periods of sediment 
aggradation (Norton et al., 2016). (v) The individual sedimentary sequences have not experienced 
multiple phases of erosion and re-deposition, so major internal unconformities are not present (von 
Blanckenburg, 2005). This appears to be the case in the sampled vertical transect as no unconformities 
in the conglomerate sequence have been observed in the field. This inference will also be confirmed 
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by the age results. Calculations were accomplished using the default parameters in CAIRN, that 
include a 10Be half-life of 1.39 r 0.01 Ma (Chmeleff et al., 2010; Korschinek et al., 2010) and a SLHL 
10Be production rate of 4.00 ± 0.32 at g-1.a-1 (Braucher et al., 2011) and that consider the neutron, fast 
and slow muon attenuation lengths and contribution (Braucher et al., 2011).  
 
Sediment provenance through U/Pb dating of detrital zircon 
 U–Pb dating of detrital zircons from clastic sediments by LA-ICPMS has become a frequently 
used method in sedimentary provenance studies (Fedo et al., 2003; Litty et al., 2017). U–Pb in-situ 
ages on single detrital zircon grains were used to identify the provenance components recorded at the 
three different levels of the Lima Conglomerate. Samples were crushed and sieved within the 100-400 
µm fractions. The zircons were separated using magnetic and heavy liquid techniques. Random 
handpicked zircons were mounted in epoxy-filled or acrylic grain mount blocks and polished to 
expose the interior of the grains suitable for ion probe and laser-ablation–inductively coupled plasma–
mass spectrometry analysis (LA-ICP-MS). All grains were imaged by a ZEISS EVO 50 Scanning 
Electron Microscope at the University of Bern in order to investigate their morphology and to collect 
high-resolution images unravelling the internal microstructures and chemical zoning. The first 
observations on zircon crystals were realized in VPSE (Variable Pressure Secondary Electrons 
Detector) mode using 20–10 keV, 100 µA beam current, ~10 mm working distance at ~20–10 Pa 
chamber pressure, to examine the possible presence of inclusions of other minerals that can influence 
the U-Pb isotopic results. The most suitable locations of the spots for U-Pb analyses were then 
selected on the grain rims where neither inclusions nor strong chemical zoning were found. U/Pb 
measurements were conducted at the Institute of Geological Sciences of the University of Bern using 
a GeoLas-Pro 193 nm ArF Excimer laser system (Lambda Physik) combined with an Elan quadrupole 
mass spectrometer. Detailed analytical protocols are reported in Kunz et al. (2017). Ablation was 
conducted at an energy density of 2.5 J cm-2 with a repetition rate of 9 Hz using a spot size of 24 μm. 
Zircon standard GJ-1 (Jackson et al. 2004), and glass reference material NIST SRM 612 has been 
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used for the quantification of isotopic and element concentrations. Accuracy and long term 
reproducibility was monitored using zircon standard Plešovice (337.13 ± 0.37 Ma; Sláma et al. 2008). 
Data reduction for U/Pb-dating was done using the software Iolite 2.5 (Paton et al. 2010) following 
Petrus and Kamber (2012). Visual age data reduction schemes and error propagation methods are built 
into U-Pb Geochronology Iolite Software. Only grains with concordant U-Pb ages have been used. 
 One of the main problems in detrital zircon geochronology is to determine the minimum 
number of grains to be analysed to ensure that all populations are detected. In addition, the geological 
information that can be extracted from a set of age data on detrital zircons is critically dependent on 
the number of analyzed grains (Vermeesch, 2004). Indeed, a distribution with one single age cluster is 
unlikely to occur in natural sediments. In a more realistic scenario, sediments may contain several age 
populations, each of which having a non-uniform age distribution. Previous studies about the 
provenance of sediments that used U–Pb dating of detrital zircon (Morton et al., 1996) have shown 
that precise and accurate U–Pb ages of 80 to 100 zircon grains in each sample are needed for a 
reliable identification of the major sedimentary sources (Dodson et al., 1988). However, Andersen 
(2005) suggested that the random fraction should comprise 35–70 grains or more, depending on the 
complexity of the age-pattern of a specific sample. Andersen (2005) suggested that the relative error 
in the population size decreases with increasing number of analyses, but that this decrease occurs only 
slowly for small populations. Here, 58 and 63 zircons have been dated for the modern samples LIM-
ME and LIM-ME2 respectively and 107, 44 and 70 zircons have been dated for the terrace samples 
LIM-PE1, LIM-PE2 and LIM-PE3 respectively. 
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RESULTS 
Isochron burial dating 
 AMS-measured 10Be/9Be and 26Al/27Al ratios (with uncertainties) as well as calculated 10Be, 
26Al concentrations and 26Al/10Be ratio for each sample are shown in Table 2. The 10Be concentrations 
of the four samples of the upper part of the sequence (LIM-IS1) vary from c. 14 x 103 atoms g-1 (LIM-
IS1-4) to 170 x 103 atoms g-1 (LIM-IS1-1) and the 26Al concentrations from c. 82 x 103 atoms g-1 to 
740 x 103 atoms g-1 for the same samples, respectively (Table 2). The 26Al/10Be ratios vary from 4,37 
± 1,79 (LIM-IS1-1) to 6,74 ± 0,93 (LIM-IS1-8). The 10Be concentrations of the six samples of the 
middle part of the sequence (LIM-IS2) span the range from c. 10 x 103 atoms g-1 (LIM-IS2-6) to 37 x 
103 atoms g-1 (LIM-IS2-9) and the 26Al concentrations from c. 7 x 103 atoms g-1 (LIM-IS2-4) to 445 x 
103 atoms g-1 (LIM-IS2-9). The 26Al/10Be ratios range from 8,09 ± 0,87 to 33,5 ± 12. Finally, the 10Be 
concentrations of the three samples of the bottom part of the sequence (LIM-IS3) vary from c. 13 x 
103 atoms g-1 (LIM-IS3-5) to 121 x 103 atoms g-1 (LIM-IS3-2) and the 26Al concentrations from c. 107 
x 103 atoms g-1 to 121 x 103 atoms g-1 for the same samples, respectively. The 26Al/10Be ratios range 
from 5,71 ± 0,19 to 8,18 ± 0,85. The measured 26Al concentrations are plotted versus 10Be 
concentrations including 1σ uncertainties (Figure 3). The results from the isochron burial dating yield 
a burial age of  c. 500 ka, i.e. 490 r 70 ka for the bottom part of the sequence and a burial age of 490 
r 80 ka for the top part of the Lima Conglomerate (Figure 4). This represents the first accumulation 
age of the Lima Conglomerate and the first isochron burial age from alluvial deposits in the Andes. 
The two isochron burial dating results show an identical age for the top and the bottom levels despite 
a difference of more than 30 meters of elevation in-between the sampling sites. Unfortunately, it is not 
possible to calculate an isochron-burial age for the LIM-IS2 samples as the 26Al/10Be values are higher 
than the surface ratio of 6.75. Given that no age can be determined from these samples, the results of 
this particular site are only discussed in the following paleo-erosion rates calculations. 
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Paleo-erosion rates  
 The in-situ 10Be analytical data together with the inferred paleo-catchment-wide denudation 
rates obtained for the deposits are presented in Table 3. We have used the AMS-measured 
concentrations that were corrected for the production of the post depositional nuclide concentrations 
at sample depth z and atom loss due to radioactive decay since the deposition of the sediments (Table 
3; since c. 500 ka). For the sample LIM-IS2, no ages could be calculated through isochron burial 
dating. However, considering that the sample is located stratigraphically in-between the sites LIM-
PE3 and LIM-PE1, the depositional age of the sediments must also correspond to c. 500 ka. We thus 
used this age to correct the cosmogenic concentration for atom loss due to radioactive decay since the 
time of the deposition. Accordingly, this results in the following 10Be concentrations at the time of 
deposition: 96492 ± 1927 atoms g-1 for LIM-PE1, 137436 ± 4894 atoms g-1 for LIM-PE2 and 155918 
± 6107 atoms g-1 for LIM-PE3. As a result of this, the calculated paleo-catchment wide denudation 
rates are 105 r 10 mm ka-1 (LIM-PE3), 119 r 11 mm ka-1 (LIM-PE2) and 169 r 14 mm ka-1 (LIM-
PE1) for the bottom, the middle and the top levels of the studied deposits, respectively (Table 3 and 
Figure 5).  
 
Sediment provenance through U/Pb detrital zircon dating 
 For the Lima drainage basin, Litty et al. (2017) have shown that in-situ U/Pb zircon ages of 
modern sediments at the coast yield two distinct age populations (20 and 60 Ma; Figure 1 and 6). A 
modern sample farther upstream close to the inland limit of the costal batholith (Figure 1) yields a 
single main zircon-age population centred on ca. 20 Ma (Figure 6; Litty et al., 2017). The sample 
LIM-PE1 used in the analysis by Litty et al (2017) has been complemented to obtain a total of 107 
dated grains (60 additional dated grains). Additionally, 44 and 70 zircon grains have been dated for 
sites LIM-PE2 and LIM-PE3 respectively (Figure 6). These samples record three zircon populations 
ranging between 8 and 16 Ma whereas sample LIM-PE1 shows only two populations in this age 
range. Age patterns of the three samples yield two large populations around 18 and 20 Ma and four 
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zircon populations ranging between 24 and 36 Ma. Then, the results of samples LIM-PE2 and LIM-
PE1 return two populations around 44 Ma whereas the sample LIM-PE3 returns only one zircon 
population at 44 Ma. The main differences in-between the samples are observed in the zircon 
populations older than 44 Ma. The samples LIM-PE2 and LIM-PE3 chronicle a population around 64 
Ma that is not observed in sample LIM-PE1. In addition, the sample LIM-PE3 exhibits indistinct age 
populations ranging between 72 and 80 Ma. Sample LIM-PE2 shows one zircon population at 68 Ma 
that is hidden in the 64 Ma cluster, and one population at c. 81 Ma. Results of the sample LIM-PE1 
yield one population at 57 Ma that is not observed in the two other samples. Additionally, the sample 
records two populations at c. 68 and at c. 72 Ma. Finally, the three samples show one zircon 
population at c. 85 Ma.    
 
DISCUSSION 
 The results of the isochron burial dating imply that the accumulation of the Lima 
Conglomerate occurred around 500 ka ago. The two sites (lowermost and topmost sites), separated by 
c. 30 m in the vertical section from each other, record identical ages within errors. These results imply 
that the sediment accumulated relatively fast and within a short time interval. This period of fast 
sediment accumulation was superseded by a phase of erosion and recycling of the previously 
deposited material through the combined effect of fluvial and wave activities, which resulted in the 
formation of the spectacular cliff at Lima. We have no age constraints to infer the time when the 
phase of sediment accumulation ended, and when waves and streams started to recycle and erode the 
conglomerates. Likewise, we lack age brackets to date the commencement of the conglomerate 
construction at Lima. In the following section, we discuss possible controls on the sediment 
accumulation of the Lima Conglomerate (uplift, eustatic sea level rise, climate-driven eroisional 
pulse) thereby considering the sedimentation ages, the recorded increase in denudation rates and the 
provenance signal. 
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Fan progradation and sediment accumulation in response to an erosional pulse 
 We interpret the construction of the Lima conglomerate as a response to a wave of erosion in 
the hinterland, thereby resulting in a sediment pulse, the progradation of the fan and the accumulation 
of coarse-grained material. In this context, the evidence for a 60% increase in 10Be-based denudation 
rates becomes important.  
 The modern erosion rates that have been calculated in the lowermost reaches of the entire 
western Peruvian Andes (Reber et al., 2017) range from 9 mm ka-1 to 190 mm ka-1 with an average 
value of c. 38 mm ka-1. The observed denudation rates increase either with mean basin slope angles or 
with mean annual water discharge suggesting a strong environmental control and no tectonic driving 
force on the denudation on a millennial time-scale. For the modern Rio Rimac, Reber et al. (2017) 
reported a basin-averaged denudation rate of c. 197,6 ± 43,3 mm ka-1, which is higher than the rates 
calculated for the Lima Conglomerate deposits (104,6 ± 9,3 mm ka-1 to 169,6 ± 13,9 mm ka-1 from 
base to top). However, Rio Rimac sample is located farther upstream. Most important in this context, 
however, is the rapid 60% increase of the inferred paleo-wide denudation rates from 105 to 165 mm 
ka-1 within a very short timespan. We use this short-term increase to infer the occurrence of an 
erosional pulse in the hinterland, which most likely resulted in the accumulation and the progradation 
of the Lima Conglomerate alluvial fan. We thus consider that this inferred erosional pulse resulted in 
a relatively high sediment flux to the coast, causing the fan of the Rimac and Chillon Rivers to 
prograde and the Lima Conglomerates to accumulate. Once the hillslopes in the upstream catchment 
have been liberated from the regolith cover, sediment supply to the trunk stream decreased with the 
result that sediment flux in the trunk streams could have dropped below the transport capacity. This 
could have initiated the phase of erosion and recycling of previously deposited material. A similar 
scenario has been proposed for the construction of the terrace deposits in the Pisco valley about 200 
km farther south (Steffen et al., 2009) where ages of the terrace deposits are 40 ka and 20 ka, and in 
the Pativilca valley 200 km farther north where multiple sets of conglomerate units yielded OSL ages 
of c. 20 and 100 ka (Trauerstein et al., 2014), and cosmo-based depth-profile ages of c. 200 ka and c. 
1.2 Ma (Litty et al., 2018), albeit with large errors. Finally, ages of c. 20 ka, 40-60 ka and 100 ka have 
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also been reported for fan systems and terrace deposits in the Majes valley c. 650 km farther 
southeast. At Pisco, the accumulation and construction of valley fill conglomerates occurred during a 
period of fast erosion, as 10Be-based paleo-denudation rates imply (Bekaddour et al., 2014). In the 
same sense, Norton et al. (2016) proposed that the deposition of fluvial conglomerates on valley floors 
was most likely associated with the occurrence of an erosional pulse on the bordering hillslopes, while 
the subsequent downcutting occurred as the sediment reservoirs on the bordering hillslopes became 
depleted. Following these lines, we propose that this inferred pulse of erosion could have been 
responsible for the relatively fast sediment aggradation and for the construction of the Lima 
Conglomerate. 
 The samples LIM-PE1, LIM-PE2 and LIM-PE3 show similarities in their zircon population 
and exhibit a more complex signal with a larger number of age populations compared to the modern 
river samples (Figure 6). The similarities observed between the three sand samples indicate that they 
share nearly identical sediments sources. The sediments were mainly eroded from the catchment of 
the Rio Rimac with some material supplied by the Rio Chillon. For example, the distinct peak at 20 
Ma, which is found in the three samples, has been identified as representing zircon crystals derived 
from the upper part of the Rio Rimac catchment (Litty et al., 2017). The 72 Ma peak in the age 
pattern, which is also observed in the three samples, suggests that the material was most likely 
supplied from the coastal batholith in the Rio Chillon catchment (Mukasa et al., 1986). Additionally, 
the broader range of zircon ages in the three terrace samples indicates that the sediment of the matrix 
has been eroded from a broader area in comparison with the modern river sediments. Accordingly, 
these results are in line with those from our previous study (Litty et al., 2017). This implies that the 
modern sediment sources are mainly located along the steep middle reaches of the rivers, whereas 
during the period of the deposition of the alluvial fan material, sources were additionally located in 
the low-relief headwaters of these catchments (Litty et al., 2017). Note that the sample LIM-PE1 
shows differences in its provenance compared to the two other samples (Figure 6). Because this shift 
in the erosional loci was coincident with higher erosion rates compared to the two other samples, we 
tentatively interpret that this change in the erosion rate might have affected the provenance signal.  
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Discarded possible controls on the inferred sediment pulses 
 A first explanation includes the scenario where a possible rainfall driven (or alternatively an 
earthquake triggered) landslide might have dammed a lake within the upstream valley. Breaching of 
this dam might have initiated a wave of sediment flux (Korup et al., 2010), thereby causing the 
alluvial fan to prograde and gravels to accumulate. Although this is a valuable interpretation, we do 
not favour this scenario because the recorded change in the cosmogenic signal requires an increase in 
erosion rates over an area that is much larger than the scale of individual or even multiple landslides 
and/or rock avalanches (e.g., von Blanckenburg, 2006). Indeed, landsliding, lake damming and 
breaching, and the resulting sediment pulse is unlikely to be recorded by a change in the 
concentrations of cosmogenic nuclides provided that these processes are widespread and occur over a 
broader time scale, as generic models of the dependency of 10Be concentrations in stream sediments 
and landsliding in the upstream basin suggest (Niemi et al., 2005). The decrease in 10Be concentration 
in the sediment sample and the inferred increase in basin-wide denudation rate during the 
accumulation of the Lima conglomerate thus suggest that changes in hillslope erosion and supply of 
sediment occurred over a large area. Indeed a localized sediment pulse on a hillslope would not be 
recorded by in situ cosmogenic 10Be in stream sediments.  
 A second explanation includes the results of changes in uplift patterns. An uplift pulse could 
have initiated an increase of the erosion rates. However, we consider it unlikely that uplift has to be 
invoked to the explain the formation the Lima Conglomerate, because a compilation of stratigraphic 
and sedimentological data together with a geomorphological analysis of the coastal region of Peru has 
shown that the region between 6° and 14° latitudes has experienced a long-term phase of subsidence 
and not uplift (Viveen and Schlunegger, 2018). This sector also includes the region surrounding Lima.  
 As a third possibility, an eustatic sea level highstand could have lead to the accumulation of 
the Lima Conglomerate. Indeed, the c. 500 ka period corresponds to a relative sea level highstand. 
However, we discard the possibility that an eustatic sea level high stand could be the main factor 
controlling the pulse of sediment. While a sea-level rise, and also a highstand could be invoked to 
  
This article is protected by copyright. All rights reserved. 
explain the construction of an alluvial fan where streams debouch into the sea, such a mechanism is 
not capable of initiating an erosional pulse in the hinterland. 
 
Possible climate controls on the inferred sediment pulses 
 Several climate-related mechanisms could be invoked to explain the inferred sediment pulses 
that are likely to be recorded by the provenance and 10Be signals. In a first model, a shift towards 
higher precipitation rates has been interpreted as being the main factor controlling the formation of 
terrace deposits in the Peruvian Andes (Bekaddour et al., 2014; Litty et al., 2017). In a second model, 
it has been suggested that meltwater surges from the Andean Cordillera during interglacial stades 
could have caused the accumulation of coarse, reworked glacial moraine material in the Rimac and 
Chillon fans, thereby forming the Lima Conglomerate (Le Roux et al., 2000). Both models invoke a 
scenario where a change in the runoff together with a pulse of erosion in the upstream drainage basin 
resulted in the supply of large volumes of material, thereby controlling the formation of the Lima 
Conglomerate. The rapid increase in paleo-erosion rates during a short time span indicates that the 
sediment accumulation possibly corresponded to a pulse of erosion, which is compatible with the 
proposed two models outlined above. In addition, the contribution of large volumes of glaciogenic 
material is likely to result in a reduction of the 10Be concentrations in stream sediments, as an analysis 
in an Alpine drainage basin has shown (Delunel et al., 2014). Moreover, the material of the Lima 
Conglomerate has been eroded from both the steep middle reaches and the low-relief headwaters 
(Altiplano) of the Rio Rimac (mainly) and Rio Chillon catchments, while the modern material is 
mainly derived from the lower steep reaches only (Litty et al., 2017). The provenance results, 
indicating that the Altiplano represents one of the main sediment sources, are also compatible with the 
two proposed models. Indeed, the first proposed model infers an increase in the precipitation rates on 
the Altiplano whereas the second model considers that the meltwater surged from the Andean 
Cordillera, thereby recycling glaciogenic material. These two mechanisms would lead to an increase 
of the erosion on the Altiplano and so to an increase of material fluxes with sources on the Altiplano. 
The paleo-erosion rates and provenance results thus do not allow distinguishing between the two 
proposed mechanisms.  
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 We then use possible correlations between any known periods of enhanced precipitation or 
interglacial stades and the obtained accumulation ages to distinguish between the two models of 
sediment accumulation. The isochron burial age results suggest that the sediment accumulation has 
been relatively quick. Additionally, the results imply the occurrence of one period of aggradation 
only, which occurred around 500 ka ago. When considering the orbital and climatic parameters, the 
500 ka-old period corresponds to a positive peak in the obliquity angle and to low precession 
parameters, and also to a time interval of inferred high radiative forcing due to high levels of CO2 and 
CH4, and to period when the relative temperature was considered to be high (Jouzel et al., 2007). We 
thus propose that the peaks in the precession parameters and the obliquity have exerted an orbital 
control on the sediment production. Indeed, on orbital time scales, larger heat contrasts were 
considered to have shifted the position of the ITCZ, thereby yielding stronger upper-air easterlies and 
more precipitation on the Altiplano, as recorded by lake level highstands on the plateau (Ouki, 
Minchin and Tauca pluvial periods, e.g., Baker et al., 2001a; Fritz et al., 2004). Additionally, the 
relative high inferred temperatures 500 ka ago are compatible with the model where the meltwater 
surges during interglacial stades caused a large supply of sediment and thus the formation of the Lima 
Conglomerate. This study suggests that both models could be invoked to explain the formation of the 
Lima Conglomerate, and both point towards an orbital control and interglacial meltwater surges on 
the erosion pulse and the sediment production.  
 We acknowledge, though, that the inferred interglacial period at 500 ka was rather weak (MIS 
13.1), and that the subsequent even warmer interglacial starting at c. 440 ka (Jouzel et al., 2007) 
apparently lacks a corresponding sedimentary record. Indeed, we would expect that stronger 
interglacials should have a larger impact on the erosional history of a catchment and on a sedimentary 
record than a weaker one. It is possible that the Lima conglomerate is a composite of different units 
such as that the locus of deposition has shifted farther north during the subsequent warm period. We 
discard this interpretation because of the constant ages within the vertial section. Alternatively, it is 
also possible that warm and wet periods are associated with fluvial downcutting instead of sediment 
accumulation if the hillslope material was already depleated during a previous warm and erosive 
climate. Indeed, whether a warm, or wet period, is associated with an erosional and sedimentary pulse 
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crucially depends on the thickness of soils and hence the sediment reservoir on the hillslopes in a 
catchment, and on the magnitude-frequency distribution of precipitation during a particular warm 
period. Models show that the combination of both variables exerts a strong control on whether wet 
periods are associated with an erosional pulse and the accumulation of sediment on the valley floor, or 
with further fluvial dissection (Tucker and Slingerland, 1997; Norton et al., 2016). We lack the 
quantitative data to fully address these questions. However, MIS 13.1 was apparently preceded by a 
long period of continuous warming prior to peaking at 500 ka (except for a short colder time interval 
corresponding to MIS 13.2). The subsequent colder period between MIS 12.4 and 12.2 could have 
been too dry for the regolith to recover after the inferred erosional pulse during MIS 13.1 As a result, 
the even warmer period thereafter could have been characterized by thin soils, with the consequences 
that not enough material was available on the hillslopes to produce large volumes of material upon 
erosion. This is, of course, pure speculation, but it illustrates that whether warm periods may be 
recorded by terrace levels and conglomerate accumulation not only depends on a particular climate, 
but also on the preceding geologic and geomorphic history.  
 
CONCLUSIONS: RELEVANCE OF THE LIMA CONGLOMERATE IN A BROADER CONTEXT 
 We suggest that the Lima Conglomerate, like other fluvial terrace systems in Peru 
(Trauerstein et al., 2014; Bekaddour et al., 2014. Norton et al., 2016), most likely formed in response 
to a possibly climate-driven sedimentary pulse, which was sustained enough in space to be recorded 
by changes in concentrations of cosmogenic 10Be. As sediment flux then decreased, the river started to 
incise into the previously deposited conglomerates and started to recycle this material with support by 
the strong waves. Field work has shown that the coastline of Peru hosts many conglomerate fragments 
of unknown ages and provenance. We suggest that further dating of these archives would contribute 
to an improved understanding of how climate changes have imprinted on the erosional history of the 
Western Peruvian margin (Reber et al., 2017), mainly because a tectonic driving force particularly 
along the coastline can be ruled out as this area has been subsiding over geological time scales 
(Viveen and Schlunegger, 2018). We also suggest that the combination of (i) isochron burial dating of 
conglomerates with 10Be and 26Al, (ii) dating of detrital zircon minerals, and (iii) of estimations of 
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paleo-erosion rates using cosmogenic 10Be will allow to quantitatively explore these archives for their 
ages, material provenance and process rates, which in turn is the basis for a better understanding of 
how erosion systems have possibly responded to climate and climate changes thereof. Our study thus 
illustrates the potential of these sedimentary archives for a better understanding of possible linkages 
between shifts in orbital parameters, and surface response including erosion and material transport 
(Strecker et al., 2007).  
 The inferred erosional pulse at Lima was likely to have occurred at the scale of nearly the 
entire drainage basin, supporting the idea of a large-scale, most likely climate driven control. In this 
context, the accumulation age of c. 500 ka falls into an orbital cycle (eccentricity). Climate changes, 
with orbital frequencies of c. 100 ka and multiples thereof, and of 40 ka and 20 ka were also 
considered to have controlled pulses of erosion, sediment discharge and the accumulation of material 
by modulating the fluvial runoff on the western Andean margin of Peru: Pativilca at 10°42’S 
(Trauerstein et al., 2014; Litty et al., 2018); the Pisco valley at 13°42’S (Steffen et al., 2009) and the 
Majes valley at 16°13’S latitudes (Steffen et al., 2010). Accordingly, the Andean mountain range 
could be perceived as an ideal laboratory for exploring a climate forcing on surface mass fluxes not 
only for the present-time, but also for the geologic history. Accordingly, while the erosional history in 
other regions on our planet might primarily record either tectonic (e.g., the Himalayas; Ouimet et al., 
2009) or glacial signals (e.g., Schlunegger and Norton, 2013), the Peruvian Andes might serve as a 
better laboratory to investigate changes in precipitation possibly in response to an orbital forcing.  
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Table 1: Sample locations and information about the samples used in this paper. 
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Table 2: Results of the AMS measurements 10Be/9Be and 26Al/27Al ratios (with uncertainties) as well as 
calculated 10Be, 26Al concentrations and 26Al/10Be ratio for each sample. 
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Table 3: In-situ 10Be analytical data together with the inferred paleo-catchment-wide denudation 
rates obtained for the alluvial sediment. 
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Figure 1: Geological map of the study area showing the Lima Conglomerate and the catchments of 
the Rio Chillon and Rio Rimac. 
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Figure 2: A. and B. Photographs of the Lima Conglomerate at Miraflores. C. Sampling site for the 
isochron burial dating (LIM-IS1); the paleo-erosion rate and the sediment provenance (LIM-PE1) for 
the top level of the studied sequence. D. Close-up of the deposits of the topmost level. E. Sampling site 
for the isochron burial dating (LIM-IS2); the paleo-erosion rate and the sediment provenance (LIM-
PE2) for the middle level of the sequence. F. Close-up of the deposits of the LIM-IS2 site (middle 
level). G. Sampling site for the isochron burial dating (LIM-IS3); the paleo-erosion rate and the 
sediment provenance (LIM-PE3) for the top level of the sequence. H. Close-up of the deposits of the 
lowermost level. The ellipses represent the sampling locations. 
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Figure 3: Measured 26Al concentrations plotted versus 10Be concentrations of the samples designed 
for isochron burial dating LIM-IS1, LIM-IS2 and LIM-IS3 techniques. The error represents 1σ 
uncertainties. The dashed lines illustrate the surface rate ratio of 6.75 (Balco et al., 2008; Akçar et 
al., 2017). 
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Figure 4: Cosmogenic 26Al-10Be isochron plots for samples collected at the topmost and lowermost 
sites, constructed using a Bayesian linear regression algorithm modelling the likelihood of 100,000 
lines fit to the isotope data. Crosses represent 1σ uncertainties from isochron analysis. 
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Figure 5: Erosion rate during the time of sediment accumulation versus the altitude of the sampling 
site. This shows an increase of the paleo erosion rate with the altitude. 
  
  
This article is protected by copyright. All rights reserved. 
 
Figure 6: Density probability diagrams of the detrital zircon U-Pb ages. *Complementary data from 
Litty et al., 2017. 
 
 
 
